Failing to complete chemotherapy adversely affects survival in patients with colorectal cancer. However, the effect of incomplete delivery of neoadjuvant radiotherapy is unclear.
D espite advances in adjuvant therapies over the past 4 decades, rectal cancer remains highly morbid, with an estimated 39 220 new cases in the United States in 2016 and a 5-year overall survival rate of 64%. 1 Early randomized trials in the late 1980s demonstrated significant local control and survival benefit for postoperative combined multimodality therapy over surgery alone in patients with resectable stage II and stage III colorectal cancers. 2, 3 In recent years, preoperative chemoradiotherapy with fluorouracil-based chemotherapy and at least 45.0 Gy of pelvic radiation have become the standard of care for patients with resectable stage II and stage III rectal adenocarcinoma in the United States. 4, 5 With these therapies, randomized data have consistently demonstrated marked improvements in tumor downstaging, sphincter preservation, and local control in patients receiving neoadjuvant therapy. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] Despite these benefits, some patients do not complete radiotherapy. For example, in the landmark German Rectal Cancer Study Group trial, 8% of patients did not receive the prescribed radiotherapy dose and 11% did not receive the complete dose of chemoradiotherapy. 15 The effects of incomplete radiotherapy on perioperative outcomes and overall survival in rectal cancer have yet to be defined. Although the impact of suboptimal therapy completion is unclear in rectal cancer, incomplete adjuvant or neoadjuvant therapy has been associated with poor clinical outcomes in other cancers. In colon cancer, survival rates were lower in patients who received incomplete adjuvant therapy than in those who received complete therapy. 16 In breast cancer, incomplete neoadjuvant radiotherapy was associated with a 17.9% absolute decrease in 5-year survival and a 5.02-fold increased risk of local recurrence compared with adherent patients. 17 Therefore, we aimed to evaluate the effect of incomplete neoadjuvant radiotherapy on patients with stage II and III rectal cancers with the hypothesis that incomplete therapy is associated with worse clinical outcomes and lower rates of survival.
Methods

Data Source
Jointly sponsored by the American College of Surgeons and the American Cancer Society, the National Cancer Database (NCDB) is a clinical oncology database that gathers data from more than 1500 Commission on Cancer-accredited centers. The database captures an estimated 70% of all new cancer diagnoses from the United States and Puerto Rico and contains more than 30 million patient records. 18 
Study Design
All adults in the NCDB with stage II and III rectal adenocarcinoma diagnosed from 2006 to 2012 who received preoperative chemoradiotherapy and underwent definitive surgery were identified using histology codes from the International Classification of Diseases for Oncology, Third Edition. Any patients with missing radiotherapy dosing data, nonmalignant pathology, history of any other cancer, or those with clinically apparent metastatic disease before surgery were excluded. The Duke University Institutional Review Board approved this retrospective analysis from the NCDB with a waiver of informed consent.
Study Outcomes
The primary end point was overall survival. Secondary end points included short-term perioperative and oncologic outcomes, including margin positivity (defined as either distal or circumferential margin), permanent ostomy rate (defined as abdominoperineal resection or pelvic exenteration), 30-day postoperative readmission, and 90-day postoperative mortality.
Statistical Analysis
Patients were stratified based on whether they completed radiotherapy, defined as a 45.0-to 54.0-Gy total dose of radiation according to current National Comprehensive Cancer Network guidelines. 19 Baseline characteristics and unadjusted outcomes were compared using the Kruskal-Wallis test for continuous variables and Pearson χ 2 test for categorical variables. Multivariable logistic regression models were established to recognize factors independently associated with the use of incomplete and complete radiotherapy. Survival was plotted using the Kaplan-Meier method. For short-term outcomes, multivariate linear and logistic regression models were used with adjustment for patient age, sex, race, insurance status, cancer stage, Charlson Comorbidity Index, hospital type and procedural volume, pathologic T and N stage, and extent of surgery (low anterior resection, abdominoperineal resection, and pelvic exenteration), and the Charlson-Deyo Index, which is the Charlson Comorbidity Index applied to International Classification of Diseases for Oncology, Ninth Edition codes. The Charlson-Deyo Index predicts 1-year mortality for patients with comorbid conditions and disease severity. Each comorbid condition is assigned a score of 1, 2, 3, or 6 depending on the mortality risk of that condition. The scores are then summed to predict total mortality. The scores range from 0 to a theoretically limitless total. We compared scores of 0, 1, and greater than 2. For long-term survival, a multivariate Cox proportional hazards regression model was created, adjusting for pathologic M stage and postoperative chemotherapy in addition to the covariates contained in the short-term outcome models.
Key Points
Question Is incomplete radiotherapy in rectal cancer associated with worse outcomes?
Findings This analysis of 17 600 adults with stage II to III rectal adenocarcinoma from the 2006-2012 National Cancer Database who received neoadjuvant chemoradiotherapy before surgical resection showed that a complete radiation dose significantly lowers the risk of long-term mortality vs an incomplete radiation dose. Patients receiving radiotherapy and surgery at different facilities were less likely to complete radiotherapy.
Meaning
In patients with rectal cancer, aligning multimodal care is associated with increased neoadjuvant radiotherapy completion, and completion is associated with increased survival.
A P value <.05 was deemed statistically significant. Statistical analysis was performed using R, version 3.1.2 (R Project for Statistical Computing, R Foundation).
Results
Among 17 600 patients who met our inclusion criteria, 874 (5.0%) received incomplete doses of neoadjuvant radiation. Baseline characteristics and unadjusted outcomes between complete and incomplete radiotherapy groups are reported in Table 1 . Among patients who did not achieve complete dosing, the median radiation dose received was 34.2 Gy (interquartile range, 19.8-40.0 Gy). In addition, the group that did not complete radiotherapy had a slightly higher median age (61 vs 59 years; P < .001), a smaller percentage of males (52.4% vs 62.2%; P < .001), and a smaller percentage of privately insured patients (43.1% vs 53.5%; P < .001). Patients who did not complete treatment were more likely to receive radiotherapy at a different facility than where they underwent surgery (36.7% vs 29.9%; P < .001).
After adjustment for demographic, clinical, and hospital characteristics, women (odds ratio [OR], 0.69; 95% CI, 0.59-0.81; P < .001) and patients who received radiotherapy and surgery at different facilities (OR, 0.72; 95% CI, 0.62-0.85; P < .001) were less likely to complete radiotherapy ( Figure 1) . Patients who had private insurance were more likely to complete the treatment regimen than were patients with no insurance (OR, 1.60; 95% CI, 1.16-2.21; P = .004). Patients who held government insurance, however, did not show a difference in rates of treatment completion compared with patients without insurance (OR, 1.07; 95% CI, 0.77-1.42; P = .70). Age, race, cancer stage, Charlson-Deyo score, rurality, income level, and educational level were not significant predictors of radiotherapy completion (P > .05). In addition, the type of hospital did not affect the continuity of radiotherapy. Treatment at comprehensive cancer care centers vs community hospitals (OR, 1.17; 95% CI, 0.89-1.538; P = .29) and academic centers vs community hospitals (OR, 1.19; 95% CI, 0.89-1.58; P = .24) did not show a significant effect on continuance of radiotherapy.
Perioperative and Oncologic Outcomes
Before adjustment, patients who received incomplete radiotherapy had equivalent positive distal or circumferential margins (7.3% vs 6.6%; P = . (Figure 2) .
After adjustment for demographic, clinical, and tumor characteristics, patients receiving a complete vs incomplete radiotherapy dose had a similar resection margin positivity (OR, 0.99; 95% CI, 0.72-1.35; P = .92), permanent colostomy rate (OR, 0.96; 95% CI, 0.70-1.32; P = .81), 30-day readmission rate (OR, 0.92; 95% CI, 0.67-1.27; P = .62), and 90-day mortality (OR, 0.72; 95% CI, 0.33-1.54; P = .41). After adjustment, patients who had a complete radiation dose had a significantly lower risk of long-term mortality (hazard ratio [HR], 0.70; 95% CI, 0.59-0.84; P < .001) ( Table 2) .
Discussion
In what we believe to be the first population-level study examining the outcomes of patients with locally advanced rectal cancer who received an incomplete radiotherapy course, we found that completion of planned neoadjuvant radiotherapy as part of a neoadjuvant chemoradiotherapy regimen was associated with superior overall survival. However, complete dose delivery was not associated with differences in margin positivity or sphincter preservation. In addition, receiving radiotherapy at a different facility than where surgery was performed was associated with a higher likelihood of incomplete radiotherapy, suggesting that alignment of multidisciplinary therapy within 1 health system may be important for patient longevity.
Previous data have shown that incomplete or delayed radiotherapy has a negative effect on patient outcomes and tumor control in head and neck, lung, breast, and uterine cervical cancers. 20, 21 In patients with colorectal cancer, incomplete chemotherapy delivery has been associated with worse overall survival rates, 16 but evidence concerning the effects of incomplete radiation delivery in patients with rectal cancer is lacking. Our study bridges this gap in knowledge and shows that patients with an incomplete radiotherapy dosage have a 10% lower 5-year overall survival rate and a higher risk of longterm mortality (HR, 0.70). This finding is in concordance with the results seen in other cancers when preoperative treatment was interrupted. The evidence is unclear concerning what patient risk factors increase the rate of nonadherence to radiotherapy. Although this topic has not been studied in rectal cancer, incomplete radiotherapy treatment regimens in other cancers have been linked to lower socioeconomic status, age, sex, marital status, rehospitalization, and longer courses of therapy. 16, 17, 22 One barrier to health care may be insurance status. Private insurance was a positive indication of radiotherapy treatment completion (OR, 1.60; 95% CI, 1.16-2.21; P = .004). Lack of insurance has been linked to worse outcomes in cancer patients. [23] [24] [25] Issues such as lack of transportation or distance to the treatment facility could play a major part in completion of radiotherapy. 26 The exact socioeconomic causation is unclear, especially since income level was not associated with completion of a radiotherapy course by patients with rectal cancer.
Receiving cancer care across multiple facilities may be another barrier to health care. Cancer care in the United States has become increasingly centralized, with a significant shift from many low-volume centers to few high-volume centers. Few studies have examined the effects of centralization in rectal cancer in the United States. In Europe, a Danish study found increased 5-year survival in patients with rectal cancer from 37% to 51% after instituting new standards and the creation of specialized and centralized colorectal surgical units covering populations of 350 000 to 500 000 people. 27 A Swedish study also found an increase in overall survival after centralizing all rectal cancer surgeries in a single county into 1 colorectal unit. 28 In both studies, centralization occurred concurrently with significant changes in protocol and technique. Our study showed that receiving radiotherapy at a different facility than where surgery was performed was associated with a higher likelihood of an incomplete radiotherapy course. Our findings support those seen in Europe and further illustrate that centralization of care can affect outcomes in patients with rectal cancer. Cancer care is complex and necessitates coordination by multidisciplinary treatment teams. Historically, academic and community hospitals have been the setting for most patient cancer care. Specialized cancer centers espousing the theory that staff and facilities dedicated solely to oncologic care would improve patient outcomes have become prominent. Previously, institutions with a higher volume of rectal cancer surgery have been shown to be associated with improved perioperative outcomes. 29, 30 Similar to our results, the findings of a UK study showed that operative mortality and 5-year survival for colorectal cancer were equivalent between teaching and nonteaching hospital patients. 31 Our study, however, found no significant difference in rectal cancer survival outcomes between academic, community, and specialized cancer centers (Figure 1 ). Instead, treatment at multiple hospitals is a predictive factor for worse outcomes (OR 0.72; P < .001). This finding suggests that continuity of care in one facility, regardless of facility type, should be emphasized in radiotherapy of patients with rectal cancer. To our knowledge, this study is the only large series examining the effect of completion of radiotherapy on the survival of patients with rectal adenocarcinoma. We established that incomplete radiotherapy in patients with rectal cancer is associated with worse overall survival rates and a greater risk of longterm mortality. We also identified patient risk factors for not completing radiotherapy. Private insurance is associated with increased treatment completion. Notably, receiving cancer care in multiple facilities is associated with higher rates of incomplete therapy, but we found no significant difference in rectal cancer survival outcomes between academic, community, and specialized cancer centers.
Limitations
Our study has several limitations. Although the NCDB contains comprehensive and well-validated data, this retrospective analysis could potentially have selection bias for radiotherapy treatment. We hoped to minimize any bias by adjusting for tumor, clinical, and demographic characteristics in our multivariate analysis. Another limitation to our study is the absence of detailed surgical and tumor data in the NCDB. We cannot abstract more granular details regarding the treatment hospitals, such as center-of-excellence designations or cancer specializations, and were unable to delineate between patients receiving short-course vs long-course radiotherapy.
Short-course radiotherapy by definition has a smaller number of fractions, making the treatment less expensive and more convenient for patients, which may improve adherence. 32, 33 More granular data regarding the delivery of radiotherapy (ie, radiation fields and specific regional dosing) would have allowed us to accurately evaluate the dose-response relationship. A detailed analysis of socioeconomic factors leading to incomplete radiotherapy treatment would be salient in this investigation; however, this analysis was impossible using NCDB data, limiting our ability to pinpoint the exact causes of incomplete radiotherapy on a patient-by-patient level. Similarly, we were unable to capture the completeness of chemotherapy and do not have data on toxic effects or reasons why patients did not complete radiotherapy.
Conclusions
Achieving a target radiation dose of 45.0 to 50.4 Gy is associated with survival benefit in patients with locally advanced rectal cancer. Aligning all aspects of multimodal oncology care may increase the probability of completing neoadjuvant therapy. 
